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The nonlinear polarization close to the band gap of GaAs is studied by spectrally and temporally resolved four-wave mixing. Excitonic and free carrier contributions both excited within the bandwidth of the 100 fs pulses are distinguished for the first time. The excitonic part dominates at carrier densities below 10' cm . At higher density, nonthermalized free carriers give rise to an additional component resonant to the pulse that shows a photon-echo-like time behavior. Monte Carlo simulations including the coherent polarization and the scattering dynamics of the carriers account for the data. [6] . At carrier densities below 10 ' cm, dephasing times as long as T2 = 7 ps have been measured, whereas a faster loss of phase coherence by exciton-exciton collisions was observed at higher excitation levels of several 10' cm . Additional generation of free electron-hole pairs leads to an even stronger shortening of T2 down to T2 & 1 ps which is due to excitonfree carrier collisions.
Dephasing of electron-hole excitations has been studied with femtosecond pulses both around the band gap FG =1.5 eV and at 2 eV [7] [8] [9] . For excitation with 500 fs pulses below the threshold of LO phonon emission, values of T2=300 fs have been derived from hole burning measurements with an excitation density of 5X10' cm [7] . The rapid loss of phase coherence was attributed to collisions among free carriers. In contrast, much shorter T2 times between 20 and 60 fs for carrier densities from 8 & 10' to 10' cm were extracted from measurements with pulses of 6 to 10 fs duration [8, 9] .
In many femtosecond experiments (e.g. , [8] [11] was studied in the FWM experiment depicted schematically in Fig. 1(a) Fig. 2(a) , the up-converted overall intensity diA'racted from the grating for T]2 =0 is plotted versus the delay time t between pulse 3 and pulse 2 [cf. Fig. 1(a) Fig. 1(b) l. The very strong excitonic enhancement at low carrier densities is due (i) to the large ratio d«/d""=10 of the excitonic (d,") and the interband (d«") oscillator strength [13, 14] and (ii) to the slow dephasing of the excitonic polarization which persists much longer than the free carrier signal [cf. Fig. 2(a) [15] is negligible in our nonequilibrium situation. In contrast, the experiments of Ref. [7] giving Tq times around 300 fs were performed at much higher densities where those effects might be important. The time envelope of the excitonic FWM signal is strongly infiuenced by many-body effects [4, 5, 10] . Recent studies of excitons in GaAs/A16aAs quantum wells showed a prompt signal emitted immediately after pulse 2, and a stronger delayed component with a maximum around t = T2 [5] . In our case, the short dephasing times are close to the pulse duration and, consequently, prompt and delayed contributions give rise to a time envelope with a single broad maximum at a time t that depends only weakly on T~2.
For a quantitative analysis of our data, a recently proposed technique for the solution of the semiconductor Bloch equations [16] has been generalized to account for the FWM geometry. Four Fourier components of the polarization (kI, k2, 2k2 -kI, 2kI -k2) and three components of the distribution functions (k =0, kI -k2, k2 -kI) are included [10] . A Monte Carlo simulation for the distribution functions including carrier-carrier and carrier-phonon scattering is combined with a direct integration technique for the polarizations [17] . The dephasing contribution due to carrier-carrier scattering is modeled by a constant rate. Details of the numerical method are given in Ref. [16] .
The calculated spectra of the FWM signal are shown in Fig. 3(a) . As observed in the experiment [ Fig. 1(b) ], the signal is concentrated at the exciton energy up to a density of 10' cm . A free carrier contribution cen- tered at the incident pulses appears above 10' cm and increases with density. The overall agreement between theory and experiment is very good. There are, however, some slight differences: In the calculated spectra, the exciton line exhibits a redshift with increasing density and the free carrier contribution begins to dominate at lower densities than in the experiments.
We [18, 19] .
A full modeling would require a screened Coulomb potential depending explicitly on two times t& and t2 to account correctly for the buildup of screening. However, up to now there exist only preliminary investigations of this effect [20, 21] , which do not include a full numerical solu-tion of the semiconductor Bloch equations. The interpretation given above is supported by a simulation where the screening is reduced further (C =20) and indeed a smaller redshift and stronger exciton lines in the spectrum are found.
Theoretical and experimental studies of the absorption spectra of bulk GaAs give a (Mott) density N, =4&& 10" cm of thermalized free carriers at a temperature of 10 K for which the exciton ground state merges into the continuum [13, 14] . Our 
